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The backreaction of density fluctuations influences the cosmological evolution
equation for the homogenous and isotropic average metric. In a cold dark matter
universe this eect leads only to small corrections unless a substantial fraction of
matter is located in regions where strong gravitational elds evolve in time. In pres-
ence of a scalar \cosmon" eld mediating quintessence, however, cosmology could
be modied if local cosmon fluctuations grow large. We speculate that this may
trigger the accelerated expansion of the universe after the formation of structure.
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1 Introduction
Recent observations of the Hubble diagram for supernovae 1a indicate that the expansion
of the universe may be accelerating in the present epoch [1]. In this case the previous
decrease of the Hubble parameter H  t−1 must have slowed down just in the last
couple of billion years and an obvious question asks: Why does this slowdown happen1
\just now"? A possible explanation would be a cosmological constant which sets a mass
scale   (10−3eV)4 and therefore also a corresponding time scale  (=M2p )−1=2, with
Mp  1019 GeV the Planck mass. Since it seems to be very hard to understand the
origin of the tiny mass scale  theoretically, one is tempted to look for alternatives. A
possible scenario are models of quintessence [2],[3]. They are based on the time evolution
of a scalar eld { the cosmon { which is of cosmological relevance today. In the simplest
viable models, however, the characteristic time for the onset of acceleration is put in by
hand in the form of the eective scalar potential or kinetic term2. This does not always
need tremendous ne-tuning of the order of 100 digits as for the case of the cosmological
constant. Indeed, there are models where it is sucient to tune parameters on the level
of percent to permille. We feel, nevertheless, that these ideas would become much more
credible if a natural solution of the \why now" problem could be given. In a sense, some
event in the more recent cosmological evolution should have \set the clock" to trigger
the acceleration at present. An idea in this direction [7] { \k-essence" { tries to use the
transition from a radiation-dominated to a matter-dominated universe in order to set the
clock.
One of the most striking qualitative changes in the recent history of the universe
is the formation of structure. For most of the cosmological evolution the universe was
homogenous to a high degree. Looking at the sky today we see, however, strong inho-
mogeneities in the form of stars, galaxies and clusters on length scales suciently small
as compared to the horizon. Could the emergence of the inhomogeneities set the clock
[8] for the present acceleration? In order to answer this question, we have to understand
how inhomogeneities on the scales of clusters or smaller \act back" on the evolution of
the homogenous \average metric". (For the purpose of this paper we consider formally
an average over the present horizon. More accurately, the supernovae results concern an
average over a volume corresponding to z  1.) After all, the universe is not homoge-
nous at present and the Einstein equations determine the metric in presence of these
inhomogeneities. One can still formulate a type of \macroscopic Einstein equation" for
the average metric which, by denition, can be considered as homogenous. The macro-
scopic equation simply obtains by averaging the \microcscopic Einstein equation". In
this averaging procedure the \backreaction" of the inhomogeneities appears in the form
1On a logarithmic scale as relevant for cosmology the last few billion years are more or less the
\present" epoch.
2For more recent examples see [4], [5], [6].
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of \correction terms" in the macroscopic Einstein equation [9]. In models of quintessence
this holds also for the macroscopic evolution equation for the scalar eld.
It is the aim of the present paper to estimate the size and therefore the relevance of
the backreaction eects. For this purpose we express in sect. 2 the backreaction eects in
terms of a \gravitational" energy density g and corresponding pg. It is obvious that g and
pg are relevant only if they are not tiny as compated to the energy density  in radiation
or matter. A very rough estimate shows that in early cosmology the eects of g and pg
are indeed completely negligible. One the other hand, once stars and galaxies have formed
the ratio g= is not many orders below one any more, and a more detailed investigation
becomes necessary. In sect. 3 we evaluate g and pg in terms of the correlation function
for the local energy momentum tensor of matter and radiation. This form exhibits clearly
the relation of these quantities to the inhomogeneities.
In sect. 4 we attempt a quantitative estimate for a standard cold dark matter universe
(without quintessence, but possibly in presence of a cosmological constant). We nd
that the eects of inhomogeneities on the scales of stars and galaxies are small, they
contribute typically g=  10−6. A typical contribution from inhomogeneities on the
scales of clusters is g=  10−4. These estimates hold, however, only if the fraction of
matter in regions of strong gravitational elds like black holes or the center of galaxies
is small. In sect. 5 we address the backreaction eects from black holes and similar
objects. The gravitational energy density g can indeed be large. Nevertheless, the
combined energy momentum tensor for gravitational and matter contributions behaves as
for a nonrelativistic gas if the objects are static. We conclude that for a cold dark matter
universe the backreaction eect could play a signicative role only if a substantial fraction
of matter is found in regions where strong gravitational elds evolve in time. This does
not seem to be very likely.
In models with quintessence the situation could change dramatically, but only if the
inhomogeneities in the cosmon eld are substantial. The \gravitational backreation" g; pg
is then supplemented by a \cosmon backreaction" c; pc due to the cosmon fluctuations.
We discuss a simple collection of static and isotropic cosmon lumps in sect. 6. This
would behave similar to black holes. We argue that for more general, in particular non-
static, cosmon fluctuations the ne cancellation betweeen pc and pg observed in the static
isotropic solutions may not be maintained. In particular, it seems conceivable for a
\cosmon dark matter" scenario [10] that c= and for g= are of order unity. Under this
condition it would become quite likely that the formation of structure would lead to a
qualitative change in the evolution equation for the average metric. One would expect
deviations from H  t−1 once structure has formed. We summarize our conclusions in
sect. 7.
3
2 The influence of structure
on the cosmological equations
After the formation of structure the universe does not remain homogenous on small scales.
Nevertheless, we believe that homogeneity and isotropy are realized on large scales and
describe the cosmological evolution by a Robertson-Walker metric. The true metric g
of the universe has to reflect the inhomogeneities due to stars, galaxies and clusters.
Therefore the homogenous cosmological metric can at best be interpreted as some type
of average metric3 g =< g >. This situation introduces a mismatch in the standard
treatment of the cosmological Einstein equations. On the right-hand side one uses the
average of the energy momentum < t >, whereas for the left-hand side one employs
the Einstein tensor formed from the average metric g . The correct averaged Einstein
equation involves4, however, the averaged value of the Einstein tensor





< t > (2.1)
The dierence between the averaged Einstein tensor and the Einstein tensor formed from
the average metric, i.e. R − 12 Rg , introduces a correction term in the cosmological









(< t > +T
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) (2.2)
Here the \gravitational correction" to the energy momentum tensor
T g = −2M2 < G > (2.3)
G = R − 1
2
Rg − ( R − 1
2
Rg) (2.4)
reflects the influence of the inhomogeneities. It accounts for the \backreaction" of struc-
ture formation on the evolution of the homogenous \background metric" g . Homogene-
ity and isotropy of all averaged quantities imply that the only nonvanishing components
of T g are given by
T g00 = g = −2M2 < G00 >
T gij = pggij = −2M2 < Gij > (2.5)
The cosmological equation therefore preserves its form, but T00 is not given solely by the
average of the energy density in matter and radiation. It also contains a gravitational
3The averaging is done here with respect to background metric. See ref. [11] for a discussion of
averaging procedures.
4We use signature (-,+,+,+), R λµνρ = −∂µΓ λνρ + ... and M2 = M2p /(16pi) = 1/(16piGN).
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contribution which reflects the imprint of structure formation on inhomogeneities of the
metric. We observe that for a flat background metric g =  the quantity T
g
 rep-
resents precisely the denition of the gravitational and energy momentum densities [12].
Our setting is therefore a straightforward generalization to cosmology.
Let us rst discuss the general structure of g and pg (eq. 2.5). As long as gravity
remains weak, one can expand in the small inhomogeneities of the metric




 h + E
γ
 hhγ (2.7)
Here the dierential operators D and E involve two derivatives acting on h or g. They
will be computed more explicitly in sect. 3. From < h > 0 one concludes that g and
pg are quadratic in h,




< Eγii hhγ > (2.8)
Thus g and pg involve the correlation function for the metric and do, in general, not van-
ish. The local variation of the metric reflects the local variations of the energy momentum











(t − T) = 1
2M2
t (2.10)
the metric fluctuations h are linear in the fluctuations of the energy momentum tensor
t . In consequence, g can also be viewed as the eect of a nonvanishing correlation
function for the fluctuations of the energy density. This correlation function can be
observed as a galaxy { or cluster { correlation function on appropriate length scales. In
particular, we know that on small scales the universe is far from homogenous. As an
example, on the length scale of the size of stars very dense regions (stars) contrast with
an almost empty environment. This is equivalent to a huge correlation function and brings
us back to the question: Can the formation of stars or galaxies influence the evolution of
the universe as a whole?
5\Microscopic" means here the scales of stars or galaxies...! These scales are to be compared with the
\macroscopic" scale of the order of the horizon.
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In order to get a rst rough estimate of the magnitude of this \backreaction of structure
formation" let us assume for a moment that the universe consists of randomly distributed6
\stars" with radius L or volume vL =
4
3
L3 and density L. Consider our horizon volume
V with NV stars. Since T00   is of the same order as < t00 >= NV vLL=V and, on the
other side, < t200 >= NV vL
2














The fraction of volume occupied by stars, f , is indeed a tiny number and one concludes
that the relative density fluctuations are huge! On the other hand, the weak gravitational
coupling enters such that the relative size of g as compared to  could still be small.
Since the operator D in eq. (2.10) contains two derivatives a rough estimate assumes
< h2 > L
4
M4
< 2 > (2.12)
























with mL the mass of the stars. It is suppressed by two powers of the Planck mass as
expected for a gravitational fluctuation eect. On the other hand, the mass mL of the
star and its size L are huge in microphysical units. Inserting values typical for the sun,
mL = 2 1033g = 1:1 1057 GeV, L = 7 108m = 3:5 1024 GeV−1 and using M = 1:72 1018




Another estimate relates the gravitational backreaction eect to typical values of the
Newtonian gravitational potential  in extended objects. Indeed, we note that R is
proportional to the gravitational potential at the surface of the star, mLG=L, with G
−1 =
16M2. Its value for the sun is
− = mLG
L
= 2:12  10−6 (2.16)
6Stars may be replaced by galaxies or other extended objects.
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Similarly, for idealized neutron stars with mass at the Oppenheimer-Volko limit, mL =
1:4  1033g; L = 9:6km one has
mL
LM2
= 5:5 ; − = GmL
L
= 0:11 (2.17)
These rst estimates are, perhaps surprisingly, not much below one (as could have been
expected from the factor M−2). A more detailed investigation, including the various
proportionality constants and the distribution of objects with dierent L and ML, becomes
necessary.
Before doing so, it is instructive to discuss a few qualitative aspects of the dependence
of the ratio R on L and L: (1) The ratio g= is independent of . It therefore shows
essentially no time-dependence once the objects have condensed with a stationary density
and size. (2) For a xed density L the contribution from smaller objects vanishes rapidly.
For example, the condensation to dust particles or planets is many orders of magnitude
too small to be relevant. (3) Microphysical objects like nuclei play no role for g (i.e.
R  10−36 for a gas of nuclei). In early cosmology the contribution of g is therefore
completely negligible. (4) For an (elliptical) galaxy consisting of G rouphly uniformly
distributed stars within a radius LG the density scales G  G(L=LG)3L. (There may
be some moderate enhancement from dark matter.) For a uniform mass distribution
in a galaxy the combination L2GG = G(L=LG)L
2L is changed by a factor GL=LG as
compared to stars.
3 Gravitational energy momentum tensor in
cosmology
We next turn to a more quantitative discussion of eqs. (2.7) and (2.8) for the metric
inhomogeneities. Since the relevant length scale for the dominant fluctuations is much
smaller than the horizon, we can neglect derivatives acting on g as compared to those
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Here the indices are raised and lowered with the homogenous background metric g .
The average < G > concerns only the part quadratic in h , since < h > vanishes
by denition. It is homogenous (it involves a volume integral) and we can therefore
perform integration by parts for the space derivatives. On time scales of the order of the
characteristic length scales of the fluctuations < G > is also essentially static. This
allows us to perform integration by parts for the time derivatives as well, and we obtain
< G > =
1
4
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h − 2h@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h + 2h@@h









 − 2h@@h > (3.2)
On the other hand, the linear part of the eld equation relates the metric perturbations
to the perturbations in t






@2h− @@h = 1
2M2
t (3.3)
where we use @2 = @@ and h = h

.








The linear eld equation becomes









and the quadratic metric fluctuations read
< G > =
1
4
< h@@h − 1
2















0; t− aj~x− ~x0j)
j~x− ~x0j (3.7)
where we recover Newton’s law for the graviational potential  = −h00=2 for static point
sources.
For a distribution of star-like objects the time derivatives of h involve the peculiar
velocities of these objects. Since the peculiar veocities are small as compared to the
speed of light, we can neglect the time derivatives in eq. (3.6) as compared to the space
derivatives. Furthermore, by virtue of rotation symmetry the expectation values involving
only one derivative in a given space direction vanish and one infers
g = −2M2 < G00 >



























with  = gij@i@j . Sums over all double indices are implied, with latin indices running









gij and hij = h00gij, h0i = 0; h = 2h00. This results in
g = −9
2




M2 < h00h00 > (3.9)
and we infer the \equation of state" for the gravitational energy momentum tensors of
starlike objects
pg = − 1
27
g (3.10)
Using (3.7) we can also express g in terms of the correlation function for the energy













(The \retardation" in eq. (3.7) can be neglected since it involves again the peculiar








< (~k)(~k0) >= G(k)(2)3(~k + ~k0) (3.13)








>From (−k) = (k) one infers that G(k) is a real positive quantity. This implies that
g is positive whereas pg is negative. For small k or long distances G(k) decreases rapidly
and the k-integral is infrared nite. The interesting part comes from large k, where
condensed objects like stars contribute. On these scales it is convenient to switch to







Here we employ (x) =
∫ d3q
(2)3
eia~q~x(q) and < (~q)(~q0) >= ~G(q)(2)3(~q − ~q0) is
the correlation function as a function of physical (not comoving) momenta. For a given
static ~G(q) the gravitational incoherent energy density g would not depend on the scale
factor. However, the condensed objects are diluted by the cosmological expansion, and
G(q)  a−3 implies g  a−3, similar to the energy density in dark or baryonic matter.
4 Do stars and galaxies modify the expansion of the
universe?
In this section we estimate the size of the backreaction eect quantitatively for a standard
cold dark matter universe. We can use eq. (3.5) in order to express h00 in terms of 




< h00 > (4.1)
For small h00 this \weighs" the energy contrast  with the Newtonian potential 
g = −9
2
<  > (4.2)
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For compact objects  is almost equal to the local valve of . For starlike extended
objects the size of their own gravitational potential is maximal at the surface, max =
−mG=L. For small max the contribution of isolated stars to g is therefore suppressed
by a factor  10−6 as compared to their contribution to , in accordance with eqs. (2.14),
(2.16), (2.17). We need, however, also the contribution of other stars to . This becomes
particularly simple in the language (4.1) or (4.2). As long as gravity remains weak, we only
habe to fold any mass concentration with the gravitational potential at the same location.
Incidentally, this shows that our previous association of the relevant ratio R = g= with
the Newtonian potential can be made quantitative
R  −9
2
   (4.3)
where    means an appropriately weighted value of .
For cold dark matter galaxies the value of the galactic gravitational potential in the





Within the halo (r  rH) the dependence of  on r is approximately logarithmic




With vrot = 0(10
−3) we conclude that the galactic potential is of similar size as the local
potential on the surface of a typical star (2.16).










We observe that this eect results from the mutual coherent correlations between all
the stars in a cluster. The dominant length scale of this contribution to the correlation
function (3.15) is related to the size of the cluster.
There may still be sizeable contributions arising from correlations on smaller scales.
The center of the galaxy typically contains a region with large gravitational eld. In this
region, however, our linearized analysis does not apply any more. A similar statement
holds for individual black holes outside the center of the galaxy. The precise evaluation of
these contributions to g needs a nonlinear analysis and depends crucially on the question
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how much of the matter in the universe is found in regions with a strong gravitational
eld. We will briefly turn to this question in the next section. Only if such \strong
eld contributions" are substantially above the bound (4.7), the gravitational energy
density could be relevant for the evolution of the universe. On the other hand, for a
moderate contribution from strong eld regions the backreaction eect remains small for
conventional dark matter galaxies and clusters. A value g=
< 10−3 seems to be too
small to substantially modify the evolution of the universe after structure formation.
5 Contribution of black holes
For black holes and other regions with strong gravitational elds the linear analysis of
the preceeding sections does not remain valid. For an individual black hole { or any
other static and isotropic object { in a flat space-time background the sum of matter
and gravitational energy density is xed, however, by a conservation law. This also
holds for the pressure. These laws can be expressed in terms of linearized gravity [12]
and are the analogue of charge conservation in electromagnetism. We parametrize the
static and isotropic metric outside a mass concentration in \isotropic coordinates" as
ds2 = −B(u)dt2 +C(u)d~xd~x with u2 = ~x~x. The sum of the energy densities and the total
pressure are related to the functions B and C by the linearized Einstein equations, with
C 0 = @C=@u, etc., as
(u) + g(u) = −2M2(C 00 + 2
u
C 0)










Also, using Gauss’ law, one nds for the integrals over a volume with u0 < u:
m(u) = 4
∫
du0u02((u0) + g(u0)) = −8M2u2C 0(u)
P^ (u) = 4
∫
























This yields, in particular, m(u ! 1) = m with m the total mass of the object related
to the Schwarzschild radius RS = m=(8M
2). Similarly, we observe that the integrated
pressure vanishes, P^ (u !1) = 0.
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On a length scale which is large as compared to the characteristic size of the objects a
collection of static isotropic objects { including black holes { can be viewed as a collection
of point particles with masses ml. The total energy momentum tensor T in eq. (2.2)
averages both the matter and gravitational contributions. If the objects are suciently
distant from each other, this amounts to summing ml(u ! 1) and P^l(u ! 1). A
collection of static isotropic objects behaves therefore like a nonrelativistic gas with zero
pressure7. In particular, black holes that have already formed before structure formation
{ this is the meaning of \static" in a cosmological context { behave just as a contribution
to cold dark matter. Irrespective of the fact that their gravitational energy density g
can be substantial, the backreaction eect from condensed black holes during or after
structure formation would not lead to a deviation from the usual equation of state.
The only loophole in the argument that backreaction eects can be neglected in a cold
dark matter universe remains a substantial contribution from black holes forming during
or after structure formation. For such objects we cannot use the static approximation
(5.2). At this stage we cannot exclude that a nonzero, perhaps even negative, pressure
could play a role for non-static regions with strong gravitational elds.
For a cold dark matter universe we conclude that a sizeable influence of backreaction
eects is only possible if a substantial fraction of the energy density is found in regions
of strong gravitational elds which evolve in time and cannot be described eectively as
static objects. For being important at the time relevant to the supernovae Hubble diagram
such a hypothetical evolution would have to persist at a redshift z  1. Discarding this {
perhaps rather unlikely { possibility we nd no relevant backreaction eect from structure
formation in a cold dark matter universe.
6 Cosmon fluctuations
Recent cosmological observations suggest the presence of a homogenous dark energy com-
ponent. It has been proposed that the dark energy density is time-dependent and can be
described by the dynamics of a scalar eld, the cosmon [2]. If this \quintessence" scenario
[2], [3] is true, one may also suspect that inhomogeneities in the cosmon eld could be
associated with extended structures [13]. In this section we argue that the backreaction
eect of structure formation is much stronger in a \cosmon dark matter universe" [10]
than in the standard cold dark matter universe. One main reason is the direct contribu-
tion of cosmon fluctuations to the averaged energy momentum tensor. One also observes
large space-like components of the gravitational eld in cosmon lumps, contributing to
large g and pg. We underline that the material of this section is only relevant if the
7The vanishing of the pressure including the gravitational contribution pg is actually even better
obeyed as if pg had been neglected. Note that < tµν > +T gµν is covariantly conserved with respect to the
background metric gµν by virtue of eq. (2.2).
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present local fluctuations of the cosmon eld are really substantial { a possibility that
remains speculative as long as no consistent picture of a cosmon dark matter universe has
been developed. If the scalar eld mediating quintessence remains homogenous to a high
degree in the present epoch, its \backreaction" eects are small and can be neglected.
There are three new ingredients for the backreaction in presence of an inhomogenous
scalar eld:
(1) Local fluctuations of the scalar eld around its homogenous background value
induce a new contribution to the total energy momentum tensor (2.2). The scalar contri-
bution to the local energy momentum tensor




yields, after averaging in eq. (2.1) or (2.2), both a contribution from the homogenous
background eld ’ (the average of ’) and from the inhomogenous local fluctuations of
the cosmon eld ’ = ’− ’, namely





Here T h stands for the time variable dark energy or homogenous quintessence and cor-
responds to eq. (6.1) with ’ replaced by ’











The dierence T c =< t
’
 > −T h is due to the cosmon fluctuations (similar to eq. (2.4)
and can again be written in the form
T c00 = c ; T
c
ij = pcgij (6.4)
It has been discussed in [10].
(2) The evolution equation for the background scalar eld also obtains a contribution
q’ from backreaction eects [9] [14]
¨’ + 3H _’ +
@V
@’
( ’) = q’ (6.5)
For cosmon dark matter the \incoherence force" q’ has been discussed in [10]. We note
that q’ can also receive a contribution if the cosmon couples to \standard" cold dark
matter [14]. Such a contribution would not be aected by structure formation.
(3) The gravitational energy density g and pressure pg can be enhanced as compared
to cold dark matter. We discuss this possible eect in a simple model of a collection of
cosmon lumps [13]. We expect that the most important features could be present also for
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more general nonlinear cosmon eld congurations beyond the specic model considered
here.
Let us consider a collection of cosmon lumps (which could be associated to galaxies)
which can be described in comoving coordinates as













g0i = 0 (6.6)
Here ~x‘ is the comoving coordinate of the center of the lump ‘
u2‘ = a
2(~x− ~x‘)2 (6.7)
and ’(t) is the cosmological background value of the cosmon eld ’ which leads to ho-
mogenous quintessence. We assume that the lumps are well separated such that ’‘; B‘
and C‘ can be determined from the coupled gravity-scalar eld equation for a single
(spherically symmetric) lump. This system has been discussed in [13] and we concen-
trate here on the \halo region" which may give an important contribution to the energy
momentum tensor. In this region we can approximate8 (R2H;‘=e



























’‘ = γ‘M ln B‘ (6.8)
where the scale RH;‘ can be associated with the radius of the halo and 1=jγ‘j = v2rot
is associated to the rotation velocity of objects in circular orbits within the halo. The
spherically symmetric solution of the coupled gravity-scalar system in empty space has
indeed two integration constants (RH;‘; γ‘). The total mass of the object can be expressed
in terms of these constants [13]. We consider here small values of 1=jγ‘j which correspond
to realistic rotation velocities and halo extensions of galaxies [13]. While B‘ is close to
one except for the vicinity of the singularity , we observe that C‘ deviates substantially
from one within the halo. As a consequence, hij=a
2 is of the order one within the halo
region and we expect substantial contributions to the backreaction eects!
8Note that the singularities at u` = RH,`/e correspond to pointlike singularities at r` = 0 in
Schwarzschild coordinates.
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For cosmon lumps the spacelike components of the energy momentum tensor are im-
portant. This contrasts with stars. For a static lump the time derivative of the scalar
eld vanishes, and one nds for a single cosmon lump
’ = −t00 = V (’) +
1
2













(’ + 2V ) (6.9)
These relations are easily generalized to a collection of well separated lumps. The cosmon
part of the energy momentum tensor obeys the equation of state
pc = wcc ; wc = −1
3
(1 + 2 < V > =c) (6.10)
Here we have kept only the contribution from the inhomogenous fluctuations and V
is the dierence between the local value of the cosmon potential and the homogenous
cosmological value9. For simplicity we will later concentrate on the case where < V >
can be neglected such that wc = −1=3. Within the halo the potential contribution is
indeed small. More generally, the background potential V ( ’) is small as compared to the
local energy densities such that eectively V  0. This implies that static lumps lead
to a negative cosmon equation of state, wc  −1=3.
We next turn to the gravitational contribution. For a spherically symmetric static
lump we can again use the relations (5.1) and (5.2) for the total energy density and
pressure. In particular, far away from the lump the solution approaches the standard
Schwarzschild solution [13] and we infer that the total integrated pressure vanishes (uc =
RH=e)
P^ (u !1) =
∫
dV (pc + pg + pM) = 0 (6.11)
This implies a cancellation between a negative cosmon and positive gravitational contri-
bution! (We also have included possible matter (pM ; M) in the \bulk" of the object.) A
partial cancellation also happens for the energy density
m(u !1) =
∫
dV (c + g + M) = m
Indeed, if γ is large, the Schwarzschild radius Rs = m=(8M
2)  2RH=jγj is small
compared to the halo radius RH and this is equivalent to a substantial cancellation between
c and g.
For an understanding of these cancellations in more detail it is instructive to study the
gravitational contribution in the linear approximation. Since the coordinates used for the
9For a single cosmon lump the sign V may be positive or negative, depending on the sign of ∂ϕ/∂u.
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metric (6.6) are not harmonic, the formulae (3.5) and (3.8) receive corrections.10 Being
only interested in the qualitative features we neglect these corrections here. This yields
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We evaluate the above expression in coordinates adapted to the present cosmological time
with a = 1; gij = ij and assume rst that only the halo region of the lumps contributes
eectively to g; pg; c and pc. We can therefore evaluate the ratios pg=g an g=c for a
single cosmon lump. In the coordinate system (6.6) one has (neglecting again V )








With hij = (C − 1)ij = 13hij one nds
pg = − 1
15
g (6.15)



















> ; pc = −1
3
c (6.17)
The average in eqs. (6.16) and (6.17) is given as an integration over the volume of the
lump
< T (u) >= 3
∫ RH
ub
duu2T (u)=(3H − u3b) (6.18)
10Alternatively, one may translate the metric (6.6) into harmonic coordinates.
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where ub corresponds to the radius of the \bulk" of the galaxy and must be larger than
the critical value uc = RH=e for the central singularity. (We recall here that the averaging
needs to be done with respect to the background metric g such that the volume is just
the cartesian volume in the coordinates ~x. It does not involve the \microscopic volume"
which would have an additional factor
p
g = B1=2C3=2:)
We note that C(u) becomes smaller than one inside the halo such that g is indeed
negative and pg positive. (The numerical prefactors will be altered if eqs. (3.3) and (3.2)
are used instead of eqs. (3.5) and (3.8).) This demonstrates how the cancellation between
positive c and negative g becomes visible already in the linear approximation. With

































They are both dominated by the region u ! ub. We conclude that the energy density and
pressure are actually dominated by the interior of the halo and/or by the bulk. Our as-
sumption about a halo domination is actually not justied, nor is the linear approximation
for the computation of g and pg.
Nevertheless, the need of a large cancellation between a positive cosmon energy denstiy
and a negative gravitational energy density remains true for large jγj, irrespective of the
shortcomings of the above calculation. Already the integration of the cosmon energy
density over the halo exceeds the total mass by a large factor > RH=Rs  jγj. The
total sum (5.2) can only be balanced by a negative gravitational energy density of almost
equal (averaged) size! We may summarize our discussion be extracting the following
general features for large cosmon fluctuations: The cosmon energy density c is positive
and the pressure pc negative, typically with pc  −c=3. This is accompanied by a
negative gravitational energy density g and positive gravitational pressure pg. For static
isotropic congurations large cancellations occur both for c + g and pc + pg, implying
pg  −g=3. (This diers from eq. (6.15) which involves unjustied approximations.)
For more general, in particular non-static, large cosmon fluctuations the detailed balance
between gravitational and cosmon contributions may not occur anymore. It is plausible,
however, that the above ndings about the sign of the various contributions remains valid.
A very simple, but perhaps important, observation states that the cosmon pressure pc
is likely to be negative. Indeed, for large fluctuations we may neglect the subtraction of
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the potential and kinetic energy of the background eld ’. The cosmon pressure is then
given by






We observe a negative contribution from the gradient term reflecting spatial inhomo-
geneities of ’. Also the contribution of the potential is negative and only a fast time
variation could cancel these two negative contributions.
Imagine now a period in the cosmological evolution where the cosmon fluctuations
become substantial and their negative pressure is not (or only partially) cancelled by the
pressure of metric fluctuations. The cosmological evolution would then be substantially
aected by the negative pressure of cosmon dark matter. Furthermore, the cancellation
between cosmon and gravitational energy density could be more eective than for the
pressure. This could lead to a situation where the total energy momentum tensor is
dominated by cosmon dark matter and quintessence with a substantially negative equation
of state w
w = p=  pc + pg + ph
c + g + h
(6.22)
In fact, the pressure of dark energy ph could also turn negative if the potential dominates
over the kinetic energy during such an epoch. If w becomes smaller than -1/3, the
expansion of the universe accelerates
a¨
a
= _H + H2 = − 
12M2
(1 + 3w) (6.23)
It is tempting to speculate that such a situation may occur towards the end of structure
formation. The dominant contribution to pc + pg may arise from cosmon inhomogeneities
on the scales of clusters or larger. It is even conceivable that the present acceleration
occurs only eectively for the metric averaged over a volume corresponding to a redshift
z of the order one. At earlier terms it may have been \visible" in the averaged metric
relating to a smaller eective volume.
7 Conclusion
As a conclusion, let us turn back to the question asked in the title: can structure formation
influence the cosmological evolution? We have presented in this paper a few estimates
and simple model calculations within a formalism which describes the backreaction of
fluctuations. We nd it unlikely that standard cold dark matter, fluctuations lead to a
substantial eect, even though these fluctuations are today large and strongly nonlinear.
The basic reason is that the averaged Einstein equations are linear in the energy momen-
tum tensor. The direct contribution of fluctuations in the energy density and pressure
therefore cancels by virtue of the averaging. An indirect eect of these fluctuations shows
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up in the form of induced metric fluctuations. This eect is related to the gravitational
energy density and pressure. We have seen, however, that the size of this induced fluctu-
ation eect is small unless a substantial part of the matter is in regions with strong and
time-varying gravitational elds.
The situation can change drastically in presence of a scalar \cosmon" eld mediating
quintessence. If the cosmon fluctuations grow large, their contribution to the backreaction
becomes typically quite sizeable. The averaged Einstein equation, as well as the averaged
scalar evolution equation, are not linear in the cosmon fluctuations. In contrast to stan-
dard cold dark matter large fluctuations make therefore directly a large contribution to
the averaged equations. Our computation for cosmon lumps has revealed that typically
the induced gravitational energy density and pressure are also large. For a collection of
static and isotropic cosmon lumps this \gravitational backreaction" cancels the \cosmon
backreaction" to a high degree. For the pressure one observes a matching of a negative
cosmon and a positive gravitational contribution. For more general large cosmon fluctu-
ations, in particular if they are not static, this cancellation may not be perfect. A large
backreaction eect would then be expected for large cosmon fluctuations. We conclude
that the backreaction could substantially influence the cosmological evolution after the
time when large cosmon fluctuations have developed.
We have also argued that the equation of state of the combined cosmon and gravita-
tional fluctuations may be substantially negative. In this event a growth of fluctuations
in the cosmon eld towards the end of structure formation could trigger an acceleration
of the expansion of the universe and provide an answer to the question why such an ac-
celeration happens \just now". Many pieces of the scenario outlined here are, however,
fairly speculative. In particular, it remains to be seen if a realistic eective action for
the cosmon eld can be found such that the cosmon fluctuations indeed grow large in
consistency with present observational information.
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